Abstract
• Antenatal magnesium sulphate given to women at imminent risk of preterm birth reduces the risk of cerebral palsy in their babies in aggregate data meta-analysis.
• The aims of the AMICABLE (Antenatal magnesium sulphate individual participant data international collaboration: Assessing the benefits for babies using the best level of evidence) individual participant data meta-analysis (IPD-MA) were to assess the effect of antenatal magnesium sulphate when given to women at risk of preterm birth on important clinical outcomes and whether treatment effects varied depending on participant and treatment factors.
What did the researchers do and find?
• Five randomised trials with 5,493 women and 6,131 babies were identified as including women at risk of preterm birth who were allocated magnesium sulphate or control treatment and in which neurologic outcomes for the baby were reported and included.
• Antenatal magnesium sulphate given to women at imminent risk of preterm birth for fetal neuroprotection prevents cerebral palsy and reduces the combined risk of fetal/ infant death or cerebral palsy.
• Benefit was seen regardless of the reason for preterm birth, across a range of preterm gestational ages, and with minimal variation in outcomes related to time prior to birth or dosage given.
Introduction
Worldwide, each year, almost 15 million babies are born preterm (before 37 completed weeks of gestation)-11% of all births [1] . Babies born preterm are at greater risk of dying in early life compared with those born at term [2, 3] . Preterm babies who survive have a higher risk for neurologic impairments, such as cerebral palsy, blindness, deafness, or cognitive dysfunction, and, as a result, are at greater risk of substantial disability [4] . The earlier the gestation at birth is, the greater these risks become. Global estimates suggest that up to 8% of preterm babies have neurological impairments, of which 5% are mild and 3% moderate or severe [5] . Cerebral palsy and cognitive dysfunction, either intellectual impairment or developmental delay, are the most frequent cause of neurological impairment. With the rate of preterm birth increasing in many countries, more babies are at risk of dying and, among those who survive, of having an adverse neurological outcome, making the global burden substantial [6] . Effective therapies that can reduce the risk of neurological impairments and disabilities for preterm survivors are urgently needed. The linkage of antenatal magnesium sulphate to a reduction in cerebral palsy arose from seminal observational studies in the mid-1990s [7, 8] . Several randomised trials followed, the latest reported in 2008 [9, 10, 11, 12, 13] . When the Cochrane review assessing the use of magnesium sulphate for women at risk of preterm birth for neuroprotection of the fetus was updated in 2009 [14] , for the first time, a clinically important reduction in the risk of cerebral palsy was identified using aggregate data meta-analysis methods. There was a relative risk reduction of nearly a third in cerebral palsy (32%) in children born to women allocated magnesium sulphate prior to preterm birth compared with controls. Although the absolute risk reduction of 1.7% for cerebral palsy was small, it represented a huge advance in minimising a burden of illness that has so far proved very resistant to intervention. The exact mechanism by which magnesium exerts a neuroprotective effect is unclear. Magnesium sulphate can block cerebral glutamate receptors, and this may prevent posthypoxic brain injury in the perinatal period [14] .
The Cochrane review was unable to provide some details needed by guideline developers, policy makers, clinicians, and pregnant women-notably, whether antenatal magnesium sulphate treatment is more effective in some women by reason of their risk of preterm birth, what the gestational age range is for maximal benefit, what dose and timing prior to birth is best, and whether maintenance treatment or retreatment is necessary [15, 16] . The AMICABLE (Antenatal magnesium sulphate individual participant data international collaboration: Assessing the benefits for babies using the best level of evidence) Group was formed to undertake a meta-analysis of the individual participant data of the eligible trials. The advantages of individual participant data meta-analysis (IPD-MA) for exploring interactions between treatment and participant-level characteristics and enabling examination of differential treatment effects between subgroups are well described [17, 18, 19] . The objectives of the AMICABLE IPD-MA were to assess, using IPD methods and meta-analyses, the effects of administration of antenatal magnesium sulphate given to women at risk of preterm birth on important clinical outcomes.
Methods
The Children, Youth and Women's Health Service Research Ethics Committee, South Australia, Australia, approved the study (REC2315/10/13). The included trials had received countryspecific ethical review, with individual participants providing written, informed consent. The IPD meta-analysis followed the published protocol (S2 Text) [20] , and the results are reported using the Preferred Reporting Items for Systematic Review and Meta-analyses of Individual Participant Data (PRISMA-IPD Statement) checklist (S1 Text) [21] .
Specific objectives
The specific objectives of the AMICABLE IPD-MA were to assess whether the treatment effects of antenatal magnesium sulphate given to women at risk of preterm birth differ depending on the following important prespecified participant and treatment characteristics [20] :
• the gestational age at which antenatal magnesium sulphate treatment was given;
• the time prior to birth when antenatal magnesium sulphate treatment was given;
• the type, mode of administration, and dosage of antenatal magnesium sulphate planned and given;
• whether maintenance treatment with antenatal magnesium sulphate was planned and used; and
• whether repeat antenatal magnesium sulphate treatment was planned and used.
Eligibility criteria
Trials in which women considered at raised risk of preterm birth (less than 37 weeks' gestation) were randomised to either magnesium sulphate or no treatment were considered eligible. Trials were included if the primary aim of the study was to prevent neurologic abnormalities in the unborn baby or if the primary aim was otherwise but early childhood neurological outcomes were reported for the infants. Quasirandom study designs were not eligible.
Identifying studies: Information sources and search strategy 
Study selection processes
Eligibility for inclusion of the identified trials was assessed independently by 2 unblinded members of the AMICABLE Project Team (PFM and TKB). Any differences in opinion regarding eligibility were resolved by discussion. For the MAGPIE Trial [12] , the primary aim of the study was neuroprotection of the mother with pre-eclampsia rather than neuroprotection of the fetus. Childhood neurological outcomes were available from centres selected for longer-term follow-up. Data were included from participants in the longer-term follow-up who were preterm at trial entry (<37 weeks' gestation).
Data collection processes and data items
The chair of the AMICABLE Project Team contacted the investigators of all eligible studies to invite them to join the AMICABLE Trialist Group and to include IPD from their trial in the meta-analysis.
Prespecified and clearly defined variables (both for participant-level and trial-level factors as well as for outcomes) were identified and confirmed by the AMICABLE Trialist Group. Investigators were asked whether these variables had been collected or could be derived for their study. A coding system was developed from these variables.
Deidentified data were collected on all women randomised. These included baseline data for descriptive purposes and analyses (reason at raised risk of preterm birth, gestational age at trial entry, plurality of the pregnancy, and expected date of birth) and details of the intervention planned and given (the date of randomisation, the allocated intervention, the type and dose of magnesium sulphate given, the mode of administration, whether a maintenance dose was given, and whether retreatment was given and its amount), together with the maternal and infant outcomes to allow the planned analyses.
The individual trial data were recoded as required and stored in a custom-designed secure database only accessible by authorised personnel from the AMICABLE Data Management Group. Trialists from the individual trials were asked to verify their own coded data prior to the analyses.
Data were checked with respect to range, internal consistency, missing or extreme values, errors, and consistency with the published reports. Trial details such as randomisation methods and intervention details were cross-checked against trial protocols, clinical record forms, and published reports. The AMICABLE biostatistician, project, and data managers liaised closely with the investigators from the individual trials to clarify any inconsistencies and missing data. Each trial was analysed individually, and the final IPD dataset generated for each trial was sent to the appropriate trial investigator for verification before synthesising into the full AMICABLE dataset. Data items collected are published elsewhere (S3 Text) [20] .
IPD integrity
Risk of bias assessment in individual studies. Using the Cochrane Collaboration risk of bias tool [23] , the risk of bias for each study was assessed independently by 2 members of the AMICABLE Project Team (PFM and TKB), with differences resolved by discussion. Each study was judged to have a high, low, or unclear risk of bias for random sequence generation (checking for possible selection bias), allocation concealment (checking for possible selection bias), blinding of participants and personnel (checking for possible performance bias), blinding of outcome assessment (checking for possible detection bias), incomplete outcome data (checking for possible attrition bias due to the amount, nature, and handling of incomplete outcome data), selective reporting (checking for reporting bias), and other bias (checking for bias due to problems not already covered). The magnitude and direction of the bias and whether it was considered likely to affect the findings were assessed. Additional information was sought from the trialists if any aspect was unclear.
Specification of outcomes and effect measures. The 2 primary prespecified outcomes were a composite of death (defined as any fetal death after randomisation or death of a liveborn infant before follow-up) or cerebral palsy for the infant (as defined by the trialists and categorised as mild, moderate, or severe) and, for the mother, any severe maternal outcome potentially related to treatment (defined as death, respiratory arrest, or cardiac arrest). Secondary outcomes were prespecified in the protocol (S4 Text) [20] .
Synthesis methods
A detailed statistical analysis plan was prepared by the AMICABLE Data Management Group and agreed upon by the AMICABLE Trialist Group prior to the data analyses. All analyses were based on the checked and updated IPD from all trials. All randomised participants with outcome data available were included in the analyses, which were performed on an intentionto-treat basis, according to the treatment allocation at randomisation. No changes were made to the prespecified analysis plan. Further description of the statistical methods is included in the protocol [20] .
For each of the outcomes, a 1-stage approach to analysis was taken so that the IPD from all eligible trials were included in a single model. Fitting a single model for each outcome variable enabled the variation across trials to be accounted for within the model. A treatment-by-trial interaction term was tested to assess heterogeneity of treatment effect across trials. If there was excessive statistical heterogeneity in the treatment effect across trials (i.e., the trial-by-treatment interaction term was significant), then the rationale for combining trials was questioned and the source of heterogeneity explored.
Binary outcomes were analysed using log-binomial regression models, and the results are presented as relative risk RR) with 95% confidence intervals (CIs) and associated 2-sided p-values. Continuous outcomes were analysed using linear regression models, and the results are presented as differences in means with 95% CIs and 2-sided p-values. Correlations between outcomes due to multiple births were taken into account using generalised estimating equations (GEEs), when appropriate.
Any differences in treatment effect between prespecified subgroups were assessed by testing a treatment by subgroup interaction term within the model. If data were missing for an outcome, those participants were removed from the analysis for that outcome. Reasons for missingness were explored, when possible. For each outcome, if there were unbalanced or large amounts of missing endpoint data for at least 1 trial, then sensitivity analyses were undertaken to assess the impact of removing such trials from the analysis.
Categorical outcomes were analysed using proportional odds models. Analyses of raw growth measurements (head circumference, weight, and length) were adjusted for age corrected for prematurity and sex, and analyses of WHO calculated z-scores of growth measurements were unadjusted for age and sex.
Missing data were accounted for in the following 2 ways. The main method for accounting for missing data for binary outcomes was to assume that participants with no data for that outcome did not have the outcome. This is referred to as the 'Impute "No"' method.
Secondly, for the primary outcome (death or CP) missing CP values at follow-up were imputed using multiple imputations (MIs). One hundred MI datasets were imputed using the Stata version 11.2 'ice' (MI using chained equations) function. Counts and percentages within each treatment group for MI analyses represent average percentages in the imputed datasets. Trial-specific estimates and standard errors for imputed analyses are from MI GEE models adjusting for correlation between multiple births. Overall relative risk estimates for meta-analyses containing results from the MI models were calculated using a 2-stage aggregate metaanalysis approach with inverse variance weighting.
The following sensitivity analyses were conducted:
1. exclusion of trials that were not for the purpose of neuroprotection of the fetus 2. exclusion of trials with high rates of participant exclusions, where losses were considered to have the potential to affect the results.
Results

Study characteristics
Seven randomised trials were identified through database searching [9, 10, 11, 12, 13, 24, 25] , 2 of which were ongoing randomised trials [24, 25] . Five randomised controlled trials were identified from the search, and each contributed data for the IPD meta-analyses (Fig 1) [9, 10, 11, 12, 13] . Details of the studies are described in Table 1 . 
IPD integrity
Overall, the risk of bias was low in the included studies, with some variation between trials ( Table 2 ).
Risk of bias across studies
There was a generally low risk of bias across the studies, except for 3 of the 5 studies in which the risk of bias associated with attrition was rated as unclear.
Primary outcomes
A. Death or cerebral palsy. There was no statistically significant effect of antenatal treatment with magnesium sulphate on the composite outcome death or cerebral palsy in infants in the combined analyses (Table 3 ).
In the prespecified sensitivity analysis of the 4 trials with fetal neuroprotective intent, there was a statistically significant reduction in the risk of death or cerebral palsy (Table 4 ) with no Primary outcomes: total paediatric mortality (stillbirths, deaths up to 2 years of age, cerebral palsy, and combined outcome of death or cerebral palsy). Maternal outcomes: adverse cardiovascular and respiratory effects of infusion.
PREMAG [10] 564 women (691 fetuses) in labour at <33 weeks' gestation.
Active treatment: 4 g magnesium sulphate over 30 minutes. Placebo group: equal volumes of 0.9% saline.
Primary outcomes: infant death or white matter injury on cranial ultrasound. Secondary outcomes included follow-up of children at 2 years of age.
MAGNET [11] 149 women (166 fetuses) in preterm labour at 25-33 weeks' gestation, with or without premature rupture of the membranes.
'Tandem' randomisation: (1) Eligible for aggressive tocolysis (cervix 4 cm dilation). Magnesium sulphate tocolysis: 4 g bolus and then 2-3 g/hour maintenance (n = 46). 'Other' tocolysis (n = 46). (2) Not eligible for tocolysis (cervix > 4 cm dilatation). Neuroprotective magnesium sulphate: 4 g bolus alone (n = 29). Saline control (n = 28).
Fetal and later mortality, IVH, cerebral palsy, and death or cerebral palsy at 18 months of age.
MAGPIE [12] 1,544 women (1,575 fetuses); a subset of women in the Magpie Trial who were <37 weeks' gestation with severe preeclampsia and randomised prior to birth in centres included in long-term follow-up.
Active treatment: 4 g magnesium sulphate intravenously over 10-15 minutes, followed by either 1 g/hour intravenously for 24 hours or by 5 g every 4 hours intramuscularly for 24 hours. Placebo: equal volumes of 0.9% saline.
Primary outcomes: eclampsia and death of the baby before hospital discharge. Secondary endpoints included long-term outcomes for the children. Data for paediatric mortality and cerebral palsy were provided at 18 months of age.
BEAM [13] 2,241 women (2,444 fetuses) at 24 to <32 weeks' gestation, at high risk of spontaneous birth due to ruptured membranes at 22-31 weeks' GA, or advanced preterm labour with dilatation 4-8 cm and intact membranes. Individuals were also included if an indicated preterm birth was anticipated within 24 hours.
Active treatment: 6 g magnesium sulphate intravenously over 20-30 minutes, followed by maintenance infusion of 2 g/hour. If delivery had not occurred after 12 hours and was no longer considered imminent, the infusion was discontinued and resumed when delivery threatened. Placebo group received an 'identical-appearing placebo'.
Primary outcomes: composite of (1) significant heterogeneity (p = 0.28). The number needed to treat (NNT) to benefit was 41 women/babies to prevent 1 baby from either dying or having cerebral palsy (CP). B. Severe adverse maternal events related to treatment. There were no events for the primary outcome of severe adverse maternal events related to treatment (including death or respiratory or cardiac arrest) and, accordingly, no events for maternal death or for severe maternal adverse events reported separately (total of 1,635 women: [9, 10] ).
C. Paediatric mortality. For the primary paediatric outcome of mortality, the overall mortality rates were 14.3% for babies exposed to magnesium sulphate and 13.6% for those exposed to the control treatment, not a statistically significant effect (Table 5) .
D. Cerebral palsy. There was a strong protective effect of magnesium sulphate on the rate of CP, both for all studies (NNT to benefit 46 babies) ( Table 6 ) and for the analysis limited to the fetal neuroprotective studies only (NNT to benefit 42 babies) (Table 7) .
Overall, there were significant reductions in the rates of both moderate and severe CP combined (event rates 2.12% MgSO 4 , 3.36% controls; RR 0.63, 95% CI 0.44 to 0.90) and severe CP 
Maternal secondary outcomes
Of the maternal secondary outcomes, the only statistically significant effect was an increase in adverse events leading to stopping treatment in the magnesium sulphate group ( 
Neonatal secondary outcomes
No statistically significant differences or any significant heterogeneity were seen in any of the analyses for the other neonatal morbidity dichotomous outcomes reported or defined by the trialists, including Apgar score at 5 minutes < 7, active resuscitation at birth, use of ongoing respiratory support after birth, any intraventricular haemorrhage (IVH), severe IVH (grade 3 (Table 9 ). There was, however, a slightly lower birthweight z-score (mean difference −0.05, 95% CI −0.10 to −0.00; p = 0.04), a result obtained with no significant heterogeneity among the trials (p = 0.82) ( Table 9 ). 
Paediatric secondary outcomes
The meta-analysis found no evidence of statistically significant differences or significant heterogeneity for any of the analyses for the follow-up outcomes reported or defined by the trialists. Of note, weight z-scores at follow-up did not clearly differ between groups (Table 10 ).
Subgroup analyses
As there were no events, the planned subgroup analyses for severe maternal adverse outcomes potentially related to treatment were not possible. Not all trials had data available to contribute to all subgroup analyses. A. Primary reason pregnancy was considered to be at raised risk of preterm birth. Among the 4 trials able to contribute data to this analysis, there were no clear differences in treatment effects among the subgroups considered by individual causes for the high-risk pregnancy (Table 11) .
B. Purpose of treatment: Neuroprotection of the fetus versus other purpose. There was a significant difference in the magnitude of the treatment effect for death or CP for studies with the intent of fetal neuroprotection compared with studies with a different purpose. A significant reduction in death or CP was seen in the 'neuroprotection' group, but not in the 'other' reason group. There were no clear differences in treatment effects for the other outcomes (Table 12) . C. Multiple birth. There were no clear differences in treatment effects among the subgroups considered by multiple birth (Table 13) .
D. Gestational age at randomisation. Inclusion criteria for gestational age at trial entry varied across trials. Several different, prespecified combinations of gestational age groupings were considered. No obvious monotonic trends were seen for any of the major outcomes when categorised by gestational age when first treated, and no statistically significant heterogeneity was observed among any subgroups (Table 14, S2 Table) .
E. Time from first treatment until birth. Several different, prespecified combinations of time from first treatment to birth were considered. No obvious linear trends were seen for any of the major outcomes when categorised by time from when first treated until birth, and no significant heterogeneity was observed among any subgroups (Table 15 and S3 Table) . F. Total dose received. The total dose of MgSO 4 received varied by trial because of different treatment protocols; therefore, the effect of increased dose on primary outcomes was explored. Several different, prespecified combinations of dosage groupings were considered. No obvious linear trends were seen for any of the major outcomes when categorised by dose received, and no significant heterogeneity was observed (Table 16 and S4 Table) .
G. Maintenance therapy received. There were no clear differences in treatment effects among the subgroups considered by whether maintenance therapy had been received or not (Table 17) .
H. Whether repeat antenatal magnesium sulphate treatment was received. No trial was able to provide data to contribute to this planned subgroup analysis. 
Sensitivity analyses to account for missing data
Regardless of the methods used to account for missing data, no conclusions were altered compared with the main results reported above for any of the outcomes (S5 Table) .
Discussion
Summary of evidence
The major finding from this IPD-MA is that for women at risk of imminent preterm birth antenatal, magnesium sulphate reduces the risk of their baby developing CP, with a NNT to benefit of 46 babies. The neuroprotective effect is confirmed when the primary reason for giving the antenatal magnesium sulphate is for neuroprotection of the fetus. Importantly, this benefit is not at the expense of an increase in mortality for the baby, and there appear to be no substantial short-or long-term complications for the mother or fetus from treatment with antenatal magnesium sulphate.
The results from this IPD-MA are consistent with the findings of the existing aggregate data meta-analysis in the Cochrane Library [14] . The new information that this IPD-MA has been able to clarify is that no particular subgroup of women and babies benefitted more or less from treatment among varying reasons for preterm birth, varying preterm gestational ages when treatment was started, or with varying dosage regimens, including whether maintenance Magnesium sulphate for fetal neuroprotection therapy was given after a loading dose or not. Consequently, the information from the IPD-MA shows that there are no particular subgroups of women or their babies who might benefit more from treatment compared to others. The IPD-MA shows that antenatal magnesium sulphate reduces not only all CP, the majority of which is mild, but also moderate and severe combined and severe CP alone. Of note, the beneficial effect of magnesium sulphate on CP was not associated with fewer severe cerebral morbidities such as grade 3-4 intraventricular haemorrhage or cystic periventricular leucomalacia. No severe adverse maternal events (including death or respiratory or cardiac arrest) were recorded for the 2 studies able to provide data for this IPD-MA. While reassuring, information about these rare maternal events should be routinely collected [26] . In combination with the known but less serious side effects of magnesium sulphate, such as flushing and tachycardia, the fact that maternal side effects are more likely to lead to stopping of a beneficial treatment than placebo and that severe maternal events are possible highlight the importance of giving magnesium sulphate under appropriate supervision [26, 27] .
The lack of an effect of magnesium sulphate on Apgar scores at 5 minutes, a need for active resuscitation at birth, or a need for ongoing assisted ventilation after birth indicates that magnesium sulphate, as used in these trials, does not have any substantial effect on depressing infant breathing after birth, either immediately or in the early hours and days of life, after which time the drug would usually have been excreted through the urinary system. There were no substantial relationships between time from starting magnesium treatment until birth, the total dose received, or whether maintenance treatment was received and any of the major health outcomes. As these events all occur postrandomisation and therefore may be affected by the treatment given, interpretation of the results must be cautious. With maternal side effects increasing with higher total dose [26] and with concerns about maternal safety, at a clinical level it may be prudent to limit treatment to times close to birth and to minimise the dose of magnesium used to a 4-g bolus loading dose with or without a maintenance dose of 1 g/hour.
Strengths and limitations
IPD-MA is recognised as the gold standard for systematic reviews [17] . One of the strengths of this study is that we have been able to include individual participant data from all of the known completed randomised clinical trials of magnesium sulphate for which developmental outcomes for the child have been reported. We are aware of 2 ongoing placebo-controlled trials of antenatal magnesium sulphate for neuroprotection of the fetus that will report on childhood development: one in women at risk of preterm birth from 24 to <32 weeks' gestation with a sample size of 500 [24] that is due to report in 2018 and the other where preterm birth is expected or planned between 30 to <34 weeks' gestation, with a planned sample size of 1,676 babies and expected to report in 2021 [25] . Ultimately, data from these trials will be eligible to contribute to an update of this IPD-MA.
The limitations of our study are that not all trials had collected or could provide the data required for all of the prespecified analyses. Given that maternal and fetal event rates are low for some important clinical events, the power to find any overall or subgroup differences was limited. Lack of data from individual studies compounded the problem of low power for some of the analyses. Several of the planned analyses were for events that occurred after randomisation, including total dose received and the duration between start of treatment and birth. We recognise that such events are more subject to bias, but our intent was to identify subgroups of mothers who benefitted most and thus enable use of antenatal magnesium sulphate therapy to be better targeted.
Conclusions
This IPD meta-analysis reaffirms that antenatal magnesium sulphate given prior to preterm birth is neuroprotective for CP and reduces the combined risk of fetal/infant death or CP, when the primary intent of magnesium sulphate treatment is fetal neuroprotection. Antenatal magnesium sulphate is a relatively inexpensive, easy to administer, effective treatment that can reduce the burden of death and CP facing babies born very preterm. Widespread adoption of the recommendations to use magnesium sulphate within several national clinical practice guidelines [15, 16, 28, 29] and now within the recent WHO recommendations on interventions to improve preterm birth outcomes [3] could lead to significant global health benefits.
It is reassuring that antenatal magnesium sulphate does not appear to substantially depress the breathing efforts of babies either at birth or in the first hours of life. It is also reassuring that benefit is seen regardless of the reason for preterm birth and that antenatal magnesium sulphate has similar effects across a range of preterm gestational ages. As there is minimal variation in outcomes related to time to birth and with dosage, it would be prudent to restrict administration of antenatal magnesium sulphate for fetal neuroprotection to close to the expected or planned birth and to use 4 g, the smallest effective dose, with or without a 1 g/hour maintenance dose.
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